Abstract Groundwater recharged by meteoric water supports human life by providing two billion people with drinking water and by supplying 40% of cropland irrigation. While annual groundwater recharge rates are reported in many studies, fewer studies have explicitly quantified intra-annual (i.e., seasonal) differences in groundwater recharge. Understanding seasonal differences in the fraction of precipitation that recharges aquifers is important for predicting annual recharge groundwater rates under changing seasonal precipitation and evapotranspiration regimes in a warming climate, for accurately interpreting isotopic proxies in paleoclimate records, and for understanding linkages between ecosystem productivity and groundwater recharge. Here we determine seasonal differences in the groundwater recharge ratio, defined here as the ratio of groundwater recharge to precipitation, at 54 globally distributed locations on the basis of H ratios in precipitation and groundwater. Our analysis shows that arid and temperate climates have wintertime groundwater recharge ratios that are consistently higher than summertime groundwater recharge ratios, while tropical groundwater recharge ratios are at a maximum during the wet season. The isotope-based recharge ratio seasonality is consistent with monthly outputs from a global hydrological model (PCR-GLOBWB) for most, but not all locations. The pronounced seasonality in groundwater recharge ratios shown in this study signifies that, from the point of view of predicting future groundwater recharge rates, a unit change in winter (temperate and arid regions) or wet season (tropics) precipitation will result in a greater change to the annual groundwater recharge rate than the same unit change to summer or dry season precipitation.
Introduction
Groundwater resources support one third of human water use [Wada et al., 2014] and represent 99% of Earth's unfrozen fresh water [Aeschbach-Hertig and Gleeson, 2012] . Groundwater has inputs from the infiltration of water from the surface, and has losses via discharge to the surface (streams, springs, seeps, lakes, and ocean), terrestrial transpiration and evaporation and groundwater pumping. Groundwater provides two billion people with drinking water and supplies 40% of global cropland irrigation [Siebert et al., 2010; Foley et al., 2011] . In spite of groundwater's pivotal importance to human livelihood, current extractions are depleting certain aquifers at several times the nature rate of replenishment [Konikow and Kendy, 2005; Wada et al., 2010; Konikow, 2011; Gleeson et al., 2012] . Examples of nonsustainable groundwater use have been observed in multiple regions including the northern Gangetic Plain (India) [Rodell et al., 2009] , the North China Plain [Feng et al., 2013] , the Middle East [Voss et al., 2013; Joodaki et al., 2014] , the High Plains (central United States) [Scanlon et al., 2012; Steward et al., 2013] , the Colorado River basin (southwest United States) [Castle et al., 2014] , and the Californian Central Valley (western United States) [Famiglietti et al., 2011; Scanlon et al., 2012] . The reversal of current nonsustainable groundwater extraction rates will require setting long-term pumping rate goals that will achieve a balance with groundwater recharge and ecosystem groundwater requirements Aeschbach-Hertig and Gleeson, 2012] . To determine sustainable groundwater pumping rates requires accurate estimates of groundwater recharge rates and thorough understanding of seasonal controls upon recharge.
Here we examine the seasonality of recharge with the groundwater recharge ratio, defined herein as groundwater recharge as a proportion of precipitation (recharge/precipitation). Previous work has estimated the annual global groundwater recharge ratio using a hydrological model and found a global mean of 16% (PCR-GLOBWB) [Wada et al., 2010] (Figure 1 ). However, model estimates are highly uncertain as a result of sparse hydrogeological data and because of static land use representations in current models [e.g., D€ oll and Fielder, 2008; Wada et al., 2010] . Furthermore, projections of change to groundwater recharge from climate warming may neglect the importance of extreme events or changes to seasonal processes if based solely upon averages [Portmann et al., 2013] .
Intuitively, groundwater recharge during spring snowmelt in higher latitudes should be the largest of the hydrological year given the multiweek concentrated input and lack of competing evapotranspiration demands on water inputs [Dunne and Leopold, 1978; Clark and Fritz, 1997] . In more arid regions, one would likewise expect intuitively that disproportionate amounts of groundwater recharge would occur during summer monsoon conditions or during periods of concentrated high intensity rainfall. Indeed, site-specific modeling and field-studies have shown many examples this is the case, with winter recharge ratios that are higher than summer recharge ratios in Belgium [Leterme et al., 2012] , Greenland [Leterme et al., 2012] , the northeastern United States [Heppner et al., 2007; Yeh and Famiglietti, 2009; Dripps and Bradbury, 2010; Dripps, 2012] , and Croatia [Jukić and Denić-Jukić, 2009] , and summer recharge that is restricted solely to high intensity thundershowers in some locations (e.g., Wisconsin, USA) [Dripps, 2012] . In terms of the groundwater recharge ratio, long-term monitoring of groundwater recharge in Tanzania, for instance, has shown that the recharge ratio is at a maximum during intense rain events [Taylor et al., 2013] and occurs almost exclusively during the wet season. Similarly, winter recharge in temperate climates has been found to be an extreme and rapid process during spring freshet [Sklash and Farvolden, 1979] in highly fractured systems [Gleeson et al., 2009] , with seasonal frozen ground exerting an important control on the proportion of snowmelt recharging aquifers [Granger et al., 1984] . Indeed, field monitoring in Sweden [Rodhe, 1981] , Idaho [Flerchinger et al., 1992] , and the United States midwest [Delin et al., 2007; Dripps, 2012] have found that the spring snowmelt constitutes the bulk of annual groundwater recharge.
In spite of the aforementioned examples, a seasonal difference in the groundwater recharge ratio has not been found in all cases (e.g., Spain) [Leterme et al., 2012] , advocating for a broader, global analysis to test the spatial variability of season differences in the efficiency of groundwater recharge. Most critically, knowledge and synthesis of intra-annual groundwater recharge fluxes are needed for accurately assessing and forecasting how land use change and the ongoing intensification of the global water cycle [Durack et al., 2012] will impact future groundwater recharge rates.
The seasonality of groundwater recharge calculated using hydrological models is yet to be tested or validated at a global scale. While there exists a pressing need for a hydrometric-based global groundwater recharge network, such an undertaking would be prohibitively expensive with today's measurement technology. Here we explore a new method for quantifying the seasonality of global groundwater recharge using readily available precipitation-isotopic and groundwater-isotopic data. We hypothesize that by comparing the isotopic composition of groundwater to that of precipitation we can quantify the seasonality of the groundwater recharge ratio at a given location.
Previous hydrological investigations have found that the isotopic composition of annual precipitation is similar to the isotopic composition of groundwater in the UK [Darling and Bath, 1988; Darling et al., 2003] , Finland [Kortelainen and Karhu, 2004] , Korea [Lee et al., 1999; Lee and Kim, 2007] , the northeastern United States [Yonge et al., 1985; Van Beynen and Febbroriello, 2006] , China [Li et al., 2000] , France [Genty et al., 2014] , Italy [Madonia et al., 2013] , Israel [Even et al., 1986] , Tasmania [Goede et al., 1982] , and New Zealand [Williams and Fowler, 2002] suggesting that the proportion of recharge to precipitation is similar for all months of the year. However, not all studies have shown a match between the isotopic composition of groundwater and precipitation. Differences between amount-weighted precipitation and modern groundwater isotopic compositions were first shown more than 50 years ago by Vogel et al. [1963] in South Africa. Subsequent studies noted similar offsets, with groundwater discovered to be isotopically depleted in 18 O and 2 H compared to annual precipitation in the south-western United States (Arizona [Simpson et al., 1972; Kalin, 1994] , Nevada [Winograd et al., 1998 ]), the north-eastern United States (Pennsylvania [O'driscoll et al., 2005] , Vermont [Abbott et al., 2000] ), central Canada (Alberta) [Maul e et al., 1994; Grasby et al., 2010] , southern Canada (Ontario) [Huddart et al., 1999], French Guyana [N egrel and Giraud, 2010] , St. Croix [Gill, 1994] , Spain [Julian et al., 1992] , Barbados, Puerto Rico, and Guam [Jones et al., 2000; Jones and Banner, 2003] .
The difference between precipitation and groundwater isotopic compositions is interpreted to be the result of higher groundwater recharge ratios (i.e., recharge/precipitation) during winter months in arid [Simpson et al., 1972; Kalin, 1994; Winograd et al., 1998 ] and seasonal climates [Vogel et al., 1963; Maul e et al., 1994; Abbott et al., 2000; O'driscoll et al., 2005] , or the result of higher groundwater recharge ratios during the wet season in tropical and subtropical settings [e.g., Jones et al., 2000; Jones and Banner, 2003; N egrel and Giraud, 2010] . Such isotope patterns, if examined globally, could be a way to overcome the impossibility of mounting a global hydrometric network and provide data to confirm or deny intuitive hypotheses about the seasonality of groundwater recharge ratios-information critically needed for future global water security scenarios. The results of the individual groundwater-precipitation isotopic investigations have not yet been synthesized at a global scale, and in most cases the seasonality in groundwater recharge ratios has only been expressed qualitatively.
The objective of this study is to quantify seasonal differences in the groundwater recharge ratio by comparing the isotopic composition of groundwater to that of precipitation. Specifically, we quantify the seasonality of groundwater recharge ratios at 54 globally distributed locations that lie within a variety of biomes to test the relative importance of individual seasons for groundwater recharge. We then explore the regional controls on groundwater recharge ratios by examining specific sites in our 54-site synthesis and comparing our results with groundwater recharge estimates from published global hydrological model (PCR-GLOBWB) by Wada et al. [2010] . Finally, we outline the implications for this work for predicting future changes to groundwater recharge as climate change impacts the intensity and seasonality of precipitation differently [e.g., Hayhoe et al., 2004; Vera et al., 2006] , for interpreting isotopic records of past climates, and for understanding seasonal couplings between ecosystem productivity and groundwater recharge and how each may change under future land use and climate scenarios.
Theory and Methods
We draw upon isotopic data for precipitation samples from regional and global monitoring networks [Aragu as-Aragu as et al., 2000; Welker, 2000; Birks and Edwards, 2009; Welker, 2012] and compare the precipitation isotopic data to nearby groundwater data from individually compiled works. States [Welker, 2000; Vachon et al., 2010; Welker, 2012] and Canadian [Birks and Edwards, 2009] Network(s) for Isotopes in Precipitation. Groundwater isotopic data were compiled from 42 previously published data sets; the original references for each groundwater data set are presented in Table 1 . In this section, we outline a three-tier approach to determine the seasonality of groundwater recharge ratios using stable O and H isotopic data for groundwater and precipitation. First, precipitation isotopic data are analyzed to determine the seasonal (two 6 month intervals) and annual amount-weighted isotopic compositions of precipitation (section 2.1). Second, groundwater data are selected to ensure potential impacts from both evaporation and paleowater mixing are removed from the data set (section 2.2). Third, precipitation and groundwater isotopic compositions are compared and applied to quantify the seasonality of the groundwater recharge ratio at 54 study locations (section 2.3). Last, we compare the seasonality of the groundwater recharge ratio obtained from our stable-isotope-based method with the output of the global hydrological model PCR-GLOBWB (section 2.4) [Wada et al., 2010] .
The Isotopic Composition of Precipitation
For each precipitation station two parameters were required for analysis of seasonal groundwater recharge ratios: (i) the amount-weighted isotopic composition of annual precipitation and (ii) the amount-weighted isotopic composition of precipitation for season 1 (defined as winter months in the extratropics, and the wet season in the tropics) and season 2 (defined as summer months in the extratropics, and the dry season in the tropics). The amount-weighted isotopic composition of precipitation (d P(annual) ) was determined for each year with at least 11 months of monitoring data following equation (1):
where d P(i) represents the monthly isotopic composition of precipitation during month i and P i represents the amount of precipitation that took place during month i.
The amount-weighted isotopic composition of season 1 (d P(season 1) ; defined as October to March in the northern hemisphere extratropics, and the wettest consecutive 6 month interval in the tropics) and season 2 (d P(season 2) ; defined as April to September in the extratropics, and the driest consecutive 6 month interval in the tropics) precipitation was calculated following equations (2) and (3):
d Pð10Þ P 10 1d Pð11Þ P 11 1d Pð12Þ P 12 1d Pð1Þ P 1 1d Pð2Þ P 2 1d Pð3Þ P 3
d Pðseason 2Þ 5 d Pð4Þ P 4 1d Pð5Þ P 5 1d Pð6Þ P 6 1d Pð7Þ P 7 1d Pð8Þ P 8 1d Pð9Þ P 9
For locations in the southern hemisphere (e.g., Melbourne, Australia), the winter and summer months were inverted such that equation (2) was used to calculate d P(season 1) and equation (3) was used to calculate d P(season 2) . For tropical settings, the wettest 6 month interval was used to calculate d P(season 1) and the driest 6 months were used to calculate d P(season 2) . H values related to paleoclimates recorded in fossil groundwaters. First, partially evaporated groundwater samples were removed from our analysis using the deuterium excess parameter [Dansgaard, 1964] O slopes of <8 (see detailed approach in supporting information S1) [Friedman, 1953; Gibson et al., 2008] . Groundwater samples with a deuterium excess of <0 were not considered in this analysis. Second, groundwater ages in excess of 10,000 years were removed from this analysis on the basis of [Plummer, 1993; Edmunds and Milne, 2001; Grasby and Chen, 2005; Karro et al., 2004; Ferguson et al., 2007; Edmunds, 2009; Jir akov a et al., 2011; McIntosh et al., 2012; Jasechko et al., 2012] . We also exclude aquifers having recharge contributions from losing reaches of rivers because streamflow sourced from higher elevations may have a different climate than that of precipitation measurement stations found downstream (e.g., Albuquerque, New Mexico) [Plummer et al., 2004] .
The Isotopic Composition of Modern Groundwaters

Isotope-Based Groundwater Recharge Ratios
Differences in the isotopic compositions of precipitation and groundwater are interpreted to derive from seasonal differences in the ratio of groundwater recharge as a proportion of precipitation. Below we describe a set of equations that can be applied to quantify seasonal differences in the groundwater recharge ratio using the isotopic composition of precipitation (monthly integrated samples) and groundwaters (one-time grab sample) at the same location.
The isotopic composition for mean annual, winter, and summer precipitation (section 2.1) and recently recharged groundwaters without influence of evaporation (section 2.2) are applied to quantify seasonal changes in recharge ratio between winter and summer by combining a water budget (equation (4)) and an isotopic mass balance (equation (5)):
where P annual , P season 1 , and P season 2 represent the precipitation fluxes for annual, season 1 (i.e., winter in the extratropics and the wet season in the tropics), and season 2 (summer in the extratropics and the dry season in the tropics) monthly intervals. Similarly, d P(annual) , d P(season 1) , and d P(season 2) represent the amount-weighted isotopic compositions for annual, season 1, or season 2 intervals. Combining equations (4) and (5) yields an isotope-based solution for the contribution of season 2 (i.e., summer or dry season) rainfall to total annual precipitation:
Similarly, groundwater recharge (R) can be assessed through water (equation (7)) and isotopic (equation (8)) mass balance equations:
where R annual , R season 1 , and R season 2 are the annual, season 1, and season 2 recharge fluxes. d Groundwater represents the isotopic composition of recently recharged groundwater that has not been substantially modified by isotope effects associated with evaporation (sections 2.1 and 2.2). Combining equations (7) and (8) yields the contribution of season 2 recharge to the total annual recharge flux (equation (9))
Combining equations (6) and (9) yields an isotope-based estimate for the recharge ratio during the summer (extratropics) or dry season (tropics; R season 2 /P season 2 ; equation (10) 
A similar derivation (i.e., equations (4)- (10)) can be made to calculate the recharge ratio during season 1 (R season 1 /P season 1 ; equation (11) 
The contribution of a one season to the total annual recharge (i.e., R season 1 /R annual , or, R season 2 /R annual ) is shown schematically in Figure 2 (upper axis). R annual and P annual can be obtained from global scale gridded estimates of recharge [Wada et al., 2010] to estimate recharge/precipitation ratios for individual seasons; however, an isotope-based comparison of season 1 and season 2 recharge ratios can be made without the knowledge of annual precipitation and recharge fluxes by combining equations (10) and (11): (12) yielding a fraction representing the seasonal difference in groundwater recharge ratios integrated over the recent past: (R/P) season 1 /(R/P) season 2 . This isotopic derivation of seasonal differences in groundwater recharge ratios is presented schematically in Figure 2 (lower axis).
Uncertainties were quantified by applying every combination of input data (i.e., every groundwater sample matched to every year that an amount-weighted isotopic composition of precipitation was available) and computing percentile ranges from the calculation results on a site-by-site basis. 
δ P ( a n n u a l)
M e t e o r ic w a t e r li n e each year with more than 10 months of data) were completed using a Welch t-test-that accounts for unequal variance between the precipitation and groundwater data (i.e., heteroscedastic)-to investigate the significance of differences between the two data pools: d P(annual) and d Groundwater .
Model-Based Groundwater Recharge Ratios
Isotope-based groundwater recharge ratios were compared with outputs from the global hydrological model PCR-GLOBWB. Site-by-site isotope-based values of (R/P) winter and (R/P) summer were compared with modeled winter and summer average groundwater recharge ratios at the same location. The model itself integrates different hydrological processes occurring within the critical zone near to Earth's surface. In brief, the global hydrological model PCR-GLOBWB simulates for each grid cell (0.5 3 0.5 globally over the land) and for each time step (daily) the water storage in two vertically stacked soil layers and an underlying groundwater layer, as well as the water exchange between the layers (infiltration, percolation, and capillary rise) and between the top layer and the atmosphere (rainfall, evapotranspiration, and snowmelt). The model also calculates canopy interception and snow storage. Subgrid variability is taken into account by considering separately tall and short vegetation, open water (lakes, reservoirs, floodplains, and wetlands), different soil types, and the area fraction of saturated soil as well as the frequency distribution of groundwater depth. The groundwater layer represents the deeper part of the soil that is exempt from any direct influence of vegetation and constitutes a groundwater reservoir fed by active recharge. The groundwater store is explicitly parameterized based on lithology and topography, and represented as a linear reservoir model. For the detailed description, we refer to Wada et al. [2012a Wada et al. [ , 2012b .
Results
In this study, we quantify the seasonality of recharge at 54 globally distributed locations that lie within a variety of biomes to test the relative importance of individual seasons for groundwater recharge (Figure 3 ). Isotopic data for groundwater and the amount-weighted annual precipitation used to calculate groundwater recharge ratios are shown in Figure 4 . Our isotope-based calculation of winter and summer groundwater recharge ratios (i.e., (R/P) winter /(R/P) summer ) is shown in Figure 5 and Table 2 .
Winter groundwater recharge ratios are higher than summer groundwater recharge ratios for the majority of deserts (7 of a total of 9), temperate grasslands (11 of a total of 13), and temperate forests (16 of a total of 18; median of d 18 O-based results calculated using every combination of annual-precipitation and groundwater isotopic data at each location; Figure 5 ). Winter groundwater recharge ratios are more than twice summer groundwater recharge ratios for half of all temperate grasslands and temperate forests (15 of the 31 locations) and for three quarters of deserts and xeric shrublands (7 of the 9 locations). Further, one quarter of temperate or arid locations have a winter groundwater recharge ratio that is more than five times that of the summer.
Tropical groundwater recharge ratios were found to be much higher during the wet season relative to the dry season in all seven locations (i.e., (R/P) wet >> (R/P) dry ; Figure 5) .
resulting in highly uncertain isotope-based calculations of groundwater recharge ratios for these coastal locations (i.e., small change between d P(summer) and d P(winter) ; Figure 6 ). Boreal forests sites explored in the study (n 5 3) show a similar groundwater recharge ratio during the summer and winter seasons. Figure 6 can help to better determine spatial differences in the difference between groundwater and precipitation and potentially develop predictive models for the isotopic composition of groundwater to complement existing global maps of the isotopic composition of precipitation [Bowen and Wilkinson, 2002; Bowen and Revenaugh, 2003 ]. Figure 5 . Seasonal differences in groundwater recharge ratios (recharge/precipitation: R/ P) between the (a) summer and winter seasons (extratropics), or between the (b) wet and dry seasons (tropics) for 54 globally distributed locations. Winter is defined as October to March for northern hemisphere and April to September for southern hemisphere. Wet and dry seasons are defined as the wettest and driest consecutive 6 month interval for each tropical station. Colored bars mark the 25th-75th percentile range of results, whiskers mark the 10th-90th percentile range of calculation outputs, and black diamonds mark the median. The seasonality of groundwater recharge ratios shown here are from 
Groundwater Recharge Ratios
Arid and temperate climates show higher winter recharge ratios than summer recharge ratios. This suggests that, from a groundwater recharge perspective, a given unit change in winter precipitation will be more important than the same unit change in summer precipitation.
The relatively high groundwater recharge ratios during the winter in arid and temperate climates may be due to intra-annual fluctuations in the evapotranspiration potential. Many of the arid and temperate a Annual recharge/precipitation fluxes from PCR-GLOBWB [Wada et al., 2010 [Wada et al., , 2012a [Wada et al., , 2012b [Wada et al., , 2014 ; the PCR-GLOBWB annual recharge/ precipitation ratio has additional uncertainties not included in the range of values reported within these two columns. climates examined here are characterized by seasonal differences in surface temperature and plant growth. Lower summer recharge ratios are explained in part by the higher potential for evapotranspiration during the summer-which is broadly characterized by high temperatures, actively transpiring plants and greater potential for interception because of increased leaf area index. Higher winter recharge ratios are explained in part by the lower potential for evapotranspiration during the winter-which is broadly characterized by low atmospheric temperatures and dormant vegetation [Welker et al., 1991; Chimner and Welker, 2005; Blumenthal et al., 2008] . Figure 8 presents a global map of the seasonality in chlorophyll abundance, calculated using long-term monthly mean values of the normalized difference vegetation index (NDVI) to highlight the pronounced seasonal changes in plant growth. One quarter of continental areas-mostly located in the tropics-show less than a 10% difference between April to September and October to March NDVI values (stippled regions in Figure 8 ), suggesting the lack of a dominant growing season. Conversely, the greatest intra-annual changes in plant activity are found in cold regions (defined as having at least 1 month with a Figure 8 ), highlighting the more pronounced seasonality in plant growth in cold regions.
Some cold regions are characterized by seasonally frozen ground (i.e., a seasonal shallow confining unit) during the winter, which might be expected to inhibit winter recharge [Hayashi et al., 2003; Cable et al., 2013] . This potential seasonal blocking of recharge may have an effect, but overall it does not appear to be significant enough to override the seasonality of groundwater recharge ratios in temperate regions, as evident by the relatively high recharge/precipitation ratios during winter months. This effect may be offset by enhanced groundwater recharge during rapid melt of seasonal snowpack. Indeed, studies in the northern United States found that groundwater recharge is more than twice the monthly precipitation during spring freshet, implying that snowmelt constitutes a significant portion of annual recharge [Dripps and Bradbury, 2010; Dripps, 2012] . Additional work from Canada has shown that snowmelt provides an extremely rapid (i.e., hourly time scale) and efficient groundwater recharge mechanism [Gleeson et al., 2009] .
Fractionation of snowmelt potentially alters the sequential meltwater isotopic composition in cold regions [Taylor et al., 2002; Earman et al., 2006] . No attempt was made to quantify this potential effect because of limited quantitative knowledge of its importance. However, because the isotopic change to snowpack over time results in higher d 18 O and d 2 H values, including this effect into our calculation (i.e., d P(season 1) in equation (12)) would result in even higher winter recharge ratios. The potential for bias toward higher summer recharge ratios in our calculation (i.e., bias toward lower (R/P) season 1 /(R/P) season 2 values) strengthens our finding that winter recharge ratios exceed summer recharge ratios.
There are four temperate locations in our analysis that have a summer recharge ratio that exceeds the winter recharge ratio: Coffeeville (Mississippi, southern United States), Great Plains Apiaries (Oklahoma, southcentral United States), Saturna Island (British Columbia, western Canada), and Wye (Maryland, eastern United States). While the driver behind this observation is not clear, it is noteworthy that all of these locations do not have a large winter snowpack (i.e., <5 mm of snow-water equivalent in February, as obtained from long-term monthly mean data from passive microwave satellite products: www.globsnow.info) [Pulliainen, 2006; Takala et al., 2009] . For some locations that receive high amounts of winter rainfall (e.g., Saturna Island), wintertime storage may fill and inhibit winter recharge, generating runoff instead of recharge [Sayama et al., 2011] . This could in part help to explain the isotope-based observation of higher summer recharge ratios, although more detailed research in these locations is needed.
Tropical groundwater recharge ratios are higher during the wet season than the dry season in all cases examined, suggesting that larger and more intense rainfall leads to higher recharge/precipitation ratios. This finding is consistent with the previous isotope-based [Jones et al., 2000; Jones and Banner, 2003; Muñoz-Villers and McDonnell, 2012] and water-level monitoring (e.g., Namibia, Uganda, Ethiopia and Tanzania) [Wanke et al., 2008; Owor et al., 2009; Walraevens et al., 2009; Taylor et al., 2013] investigations that show that groundwater recharge is most efficient during high intensity rainfall events in the tropics. This finding implies that possible increases in the frequency of high-intensity rainfall events under a future-and currently intensifying [Durack et al., 2012] -water cycle might enhance groundwater resources in some tropical locations; however, this scenario may coincide with elevated risks to local communities (e.g., floods, landslides) [Belle et al., 2013] .
Uncertainty ranges for isotope-based groundwater recharge ratios in tropical settings are larger than uncertainty ranges in regions with greater seasonality. The high uncertainty in (R/P) season 1 /(R/P) season 2 values in the tropics is due to the relatively small difference between the isotopic composition of summer and winter precipitation (average of 1.9&) compared to that of temperate (average of 4.9&) and arid (average of 5.8&) climates. Figure 6 shows the intra-annual variability in d tainties in the calculation of seasonal changes in the groundwater recharge ratio, suggesting that the isotope-based approach to calculate groundwater recharge ratios will produce better constrained outputs in hydroclimates with pronounced seasonality. In spite of the high uncertainties in isotope-based tropical recharge/precipitation calculations (e.g., (R/P wet season )/(R/P dry season ) of 1 to >100 for the tropical locations examined here; Figure 5 ), there exist more than 60 tropical locations with long-term isotopic data for precipitation (International Atomic Energy Agency: www.iaea.org/water), presenting an opportunity to calculate groundwater recharge ratios should isotopic data for groundwater become available at these locations.
Boreal forests (n 5 3) have a similar recharge ratio for summer and winter seasons, potentially related to the effects of perennially frozen ground and active layer controls upon recharge at the three sites that are situated within isolated, sporadic, and discontinuous permafrost zones [Cable et al., 2013] . The boreal settings show large seasonal differences between d 18 O P(summer) and d
18
O P(winter) (2.5-5.2&; Table 2 ) compared to Mediterranean climates (0.7-2.0&), suggesting that groundwater samples analyzed for stable O and H isotopes can be used to constrain seasonality in groundwater recharge ratios where long-term monitoring of the isotopic composition of precipitation have already been made (e.g., stations in the United States, Canadian and Russian Network(s) for isotopes in precipitation) [Welker, 2000; Birks and Edwards, 2009; Kurita et al., 2004] . Figure 9 shows a spatial comparison of the isotope-based groundwater recharge ratios with the outputs from a global hydrological model (PCR-GLOBWB) [Wada et al., 2010] . Median recharge/precipitation ratios obtained from the isotope-based approach fall within the range of PCR-GLOBWB outputs for more than half of all extratropical regions for both summer and winter seasons (range of modeled recharge/precipitation ratios within 100 km of each study location; Figure 10) . Similarly, the 10th-90th percentile range of isotope-based recharge ratios overlaps with the range of modeled PCR-GLOBWB recharge ratios for 85% of extratropical locations.
Comparison With a Global Hydrological Model
The extratropical locations where the model R/P does not overlap within the 10th-90th percentiles of isotope-based R/P are found in regions that have between 18 and 81 mm of snow water equivalent stored as snow pack by February (i.e., Trout Lake and Craters of the Moon in the United States, and Edmonton, Saskatoon, Wynyard, and Esther in Canada, long-term monthly mean snowpack data from www.globsnow.info) [Pulliainen, 2006; Takala et al., 2009] . This difference may be partly explained by an important distinction between the isotope-based and modelbased outputs. The isotope-based calculation assesses the seasonal distribution of recharge relative to the timing of precipitation, not necessarily the timing of recharge. For example, the recharge of snow that falls in the winter (October to March) but does not melt and infiltrate until later in the spring season (e.g., April to June) is included as winter recharge in the isotopebased calculation, even though the actual infiltration may occur during the timeframe defined as the summer in this study (i.e., ''summer recharge'' in PCR-GLOBWB). Other sources that may contribute to the observed differences include the irrigation of croplands that are not incorporated into PCR-GLOBWB as either a source of groundwater recharge, or as a predisposing mechanism that enhances the proportion of rainfall that can infiltrate the subsurface [Chiew and McMahon, 1991] . PCR-GLOBWB does not include focused recharge via lakes, wetlands, and rivers that may account for discrepancies in arid and semiarid regions where surface water bodies can be important sources of groundwater recharge.
Implications
Understanding the seasonal difference in the groundwater recharge ratio is important for many reasons. Here we outline the implications of our finding of higher groundwater recharge ratios during the winter (extratropics) and wet season (tropics) for predicting future groundwater recharge rates (section 4.4.1), 4.4.1. Implications: Groundwater Recharge in a Changing Climate Existing projections of recharge have considerable uncertainties because of large differences between general circulation models, downscaling methods, and hydrological models [D€ oll and Fielder, 2008; Wada et al., 2010; Crosbie et al., 2011; Portmann et al., 2013] . Several studies have assessed potential changes to Figure 10 . Comparison of recharge ratios calculated using isotope-based and hydrological modeling-based approaches for (a) summer (April to September) and (b) winter (October to March). Error bars (x axis) mark the 10th-90th percentile ranges for isotope-based calculations and squares mark the median result. Error bars on the y axis mark the range of model results within 100 km of each study location. Background shades delineate the percent difference between the isotope-based and modeling-based results (dashes mark one half order of magnitude and on order of magnitude differences). Colors for each square correspond to ecoregions as shown in the previous figures. groundwater recharge and found that different models range in the direction and magnitude of predicted changes on the order of approximately 620 to 650% [Allen et al., 2010; Stoll et al., 2011; Dams et al., 2012] . However, few models have assessed changes in the intra-annual distribution of groundwater recharge [Dams et al., 2012] suggesting that models may overlook important changes to individual seasons that will impact groundwater recharge. The isotopic approach presented here may be used to assess the most important seasonal hydrological processes governing groundwater recharge.
Water Resources Research
In temperate regions, we find that a higher percentage of winter precipitation is able to infiltrate and recharge aquifers relative to summer rainfall suggesting that a unit change to winter precipitation is more important than the same unit change to summer precipitation for groundwater recharge. Any changes in climate that impact either the amount of winter precipitation, or the summer precipitation deficit (i.e., precipitation minus evapotranspiration) could also impact the seasonality of the groundwater recharge, and consequently groundwater resources in extratropical areas. The bias toward winter recharge could also be altered if the hydrological processes that limit summer recharge change (e.g., summer evapotranspiration, summer storm intensities). The observed bias toward winter precipitation recharge in extratropical regions has been attributed to seasonal filtering of precipitation, with a greater proportion of winter precipitation reaching the water table relative to summer precipitation due to the high evapotranspiration rates that limit the amount of summer precipitation that recharges. The pronounced seasonality of groundwater recharge ratios discovered here is consistent with seasonal differences in runoff ratios, where the fraction of precipitation entering streams (i.e., the runoff ratio) is higher during winter than during the summer [Dettinger and Diaz, 2000] .
For tropical settings, our results of higher groundwater recharge ratios during the rainy season supports integration of rainfall intensity and intra-annual distribution into forecasts of groundwater recharge in a warming climate. Site-specific modeling for Uganda has shown that including intra-annual variability and rainfall intensity into estimates of future change in recharge modifies the groundwater recharge forecasts from a 55% decrease to, instead, a 53% increase in recharge [Mileham et al., 2009] . Given the large number of precipitation monitoring stations (e.g., 330 locations in Figure 6 ) and the equations described here, measurement of groundwater isotopic compositions near to existing precipitation isotope stations can and should be completed to quantify the seasonality of groundwater recharge ratios across all continents. Paired investigations of differences between precipitation and groundwater isotopic compositions at the same location could also be incorporated into isotope-enabled general circulation models (e.g., ECHAM: Hoffman et al., 1998; CCSM: Noone and Simmonds, 2002; IsoGSM: Yoshimura et al., 2003; GISS: Schmidt et al., 2007; LMDZ4: Risi et al., 2010; iLOVECLIM: Roche, 2013 ] to trace the seasonality of groundwater recharge and enhance projections of annual groundwater recharge fluxes under changing seasonal precipitation patterns.
The groundwater recharge ratio is by no means static. A changing climate will not only impact the seasonal distribution of precipitation, but may also impact the seasonal distribution of the recharge-ratio and runoffratio [e.g., Eckhart and Ulbrich, 2003]. Recent pan-continent syntheses of rainfall, snowfall, and streamflow fluxes have shown that the runoff ratio is a function of not only the amount of precipitation, but also its phase (i.e., rain or snow) [Berghuijs et al., 2014] ; the groundwater recharge ratio may be equally sensitive to the fraction of annual precipitation falling as snow or changes to freeze-thaw dynamics near to Earth's surface [Jyrkama and Sykes, 2007] . Isotopic monitoring of groundwater and precipitation may help to track these changes; however, prolonged residence times and subsurface water mixing are likely to hamper the tracking of year-to-year shifts in the groundwater recharge ratio using an isotope-based approach.
Implications: Paleoclimatology
Our finding that groundwater recharge fluxes do not match precipitation fluxes one-to-one (Figures 4  and 7) has three implications for the interpretation of isotope-based paleoclimate proxies.
First, changes to seasonality in precipitation may not be recorded on a one-to-one basis in paleoclimate records as recorded in fossil groundwaters, smectite, tree rings, speleothems, and vein calcite [e.g., Winograd et al., 1992; Plummer, 1993; McCarroll and Loader, 2004; Asmerom et al., 2010; Stevenson et al., 2010 , Winnick et al., 2013 . Because groundwater recharge is a more efficient process during the winter relative to the summer, paleoclimate records based on groundwaters may be more representative of changes in winter (or, wet season) climate, relative to summer (or, dry season). This finding could help to explain some of [Winograd et al., 1992] .
Second, dramatic shifts in climate and biomes from the last glacial period to the modern-such as deserts found in Europe and Alaska during the last glacial period, for example [Williams, 2003] -may have modified the recharge ratios in these settings and induced changes in groundwater-based d 18 O values. Of particular interest are the observed similarities between precipitation and groundwater isotopic compositions in boreal region found in this study. The boreal biome shifted into much lower latitudes at the last glacial maximum and may have modified the seasonality of groundwater recharge ratios at this time [Williams, 2003] . However, more work is needed in boreal regions with long-term precipitation d 18 O and d 2 H data to investigate this further.
Third, the seasonal differences between summer and winter precipitation shown in Figure 6 provide some information for the range of d 18 O shifts in paleoclimate records that can be attributed to changes in the seasonality of precipitation. Seasonality is commonly discussed as a potential source of changes in the isotopic composition meteoric waters amongst other factors such as differences in paleo-ocean d 18 O, atmospheric and sea surface temperatures, and air mass trajectories. For example, a hypothetical, complete shutdown of precipitation from a single 6 month interval can account for a shift no greater than 9& in d 18 O (much less in most regions), if the seasonality of precipitation d 18 O were similar in the past to today. Some lacustrine paleoclimatic records, which are also subject to isotope effects due to evaporation, show more than 9& variation during the Pleistocene (e.g., Owens Lake, California) [Smith and Bischoff, 1997] , and this analysis may help to put quantitative bounds on the magnitudes of d 18 O and d 2 H shifts that can be prescribed to seasonality when interpreting paleoclimate records.
Implications: Ecosystem Ecology
Finally, the groundwater recharge ratio patterns assessed here span a variety of biomes with different plant life forms, providing insight as to the mechanisms that may influence the temporal and spatial partitioning of water sources by vegetation with different life histories, rooting, and growth patterns [Ehleringer and Cooper, 1992; Dodd et al., 1998; Alstad et al., 1999; Welker, 2000; Dawson et al., 2002; Kulmatiski et al., 2010; Leffler and Welker, 2013] . In biomes such as deserts, temperate grasslands and temperate forests, seasonal hydrological processes facilitate the growth of a diversity of life forms (grasses and shrubs, trees, and understory plants) that utilize soil water and groundwater resources from different depths and are thus closely linked to water movements in the near surface. Coupled hydrosphere-biosphere models predict that the seasonality of precipitation is closely related to both annual evapotranspiration and ecosystem productivity, and is therefore linked to the fraction of precipitation available for groundwater recharge [Feng et al., 2012] . Improved understanding of seasonal changes in vegetation characteristics and associated feedbacks to infiltration (e.g., interception, transpiration, rooting depth, and hydraulic redistribution) will help to better predict how large-scale ecosystem changes may impact groundwater recharge. For example, ongoing tree death due to mountain pine beetle infestation has recently been shown to reduce transpiration fluxes, resulting in a one third increase in groundwater fluxes that becomes particularly apparent in late summer [Bearup et al., 2014] . Changing seasonality in groundwater recharge fluxes due to vegetation shifts has significant implications for aquatic species that depend upon groundwater refugia for habitat [e.g., Power et al., 1999] . Further site-specific monitoring of groundwater and precipitation isotopic compositions can help to quantify vegetation water sources and to assess ecohydrological feedbacks under changing transpiration fluxes and plant water use efficiencies [Keenan et al., 2013] .
Conclusions
While the seasonality of groundwater recharge is highly intuitive, no synthetic data exist to quantify these patterns and evaluate model predictions. In this article we derived isotope-mass-balance equations that can be applied to quantify seasonal differences in the groundwater recharge ratio, which we define as the ratio of recharge as a proportion of incident precipitation. We applied this approach to a new synthesis of 54 globally distributed locations using previously reported precipitation and groundwater data sets. Our work has shown that the groundwater recharge ratio is higher during the winter than in the summer in arid and temperate climates, and highest during the rainy season in the tropics. The pronounced seasonality of groundwater recharge ratios implies that changes to winter (extratropics) and wet season (tropics) precipitation will produce a larger change to annual groundwater recharge fluxes than the same unit change to summer or dry season precipitation.
